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Abstract: A new scheme to generate an intense isolated few-cycle
attosecond XUV pulse is demonstrated using particle-in-cell simulations.
By use of unipolarlike or subcycle laser pulses irradiating a thin foil target, a
strong transverse net current can be excited, which emits a few-cycle XUV
pulse from the target rear side. The isolated pulse is ultrashort in the time
domain with duration of several hundred attoseconds. The pulse also has a
narrow bandwidth in the spectral domain compared to other XUV sources
of high-order harmonics. It has most energy confined around the plasma
frequency and no low-harmonic orders below the plasma frequency. It is
also shown that XUV pulse of peak field strength up to 8× 1012 Vm−1 can
be produced. Without the need for pulse selecting and spectral filtering, such
an intense few-cycle XUV pulse is better suited to a number of applications.
© 2018 Optical Society of America
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1. Introduction
Laser-driven coherent XUV radiation has become a dynamic research topic in the past decade
[1, 2]. This new type of light source is promising for numerous attractive applications. Firstly,
these laser-driven XUV pulses usually emit in the form of high-order harmonics with broad-
band spectrum, corresponding to ultrashort (femto-attosecond region) pulse durations in the
time domain. This opens a door to investigate ultrafast dynamics and explore novel attosec-
ond physics [3]. As the workhorses of current attosecond science, the generation of attosecond
XUV pulses enables real-time tracking of the ultrafast process of electron dynamics outside the
atomic nucleus. Besides, intense coherent XUV pulses offer a new opportunity on nonlinear
optics in the XUV region. Various new phenomena may be found in this region that are quite
different from those in optical field, such as strong field ionization in higher frequencies and
ultrafast spectroscopy at shorter wavelengths [4, 5]. In addition, XUV pulses can also be used
as unique diagnostics which shed light on laser-matter interaction physics [6], including the
underlying physics of radiation process itself and the properties of dense plasmas [7].
High-order harmonics generation (HHG) in atomic gases has been explored extensively as a
route to produce attosecond XUV pulses [1]. The emission process can be well understood in
the framework of the three step model [8]. The main concern for such XUV pulses is the typi-
cally rather weak strength and low generation efficiency, due to the limitation of medium deple-
tion through ionization. Many applications require substantially increasing the XUV brightness.
To achieve high intensity, laser-plasma interaction has been exploited as a promising alternative
because plasma can withstand high laser fields driving the harmonics [2]. Two distinct genera-
tion mechanisms have been identified to contribute to HHG from solid plasmas: coherent wake
emission (CWE) [9–12] and the relativistic oscillating mirror (ROM) process [13–16]. Both
mechanisms emit XUV radiation in the reflected direction through nonlinear conversion pro-
cesses at the plasma front surfaces. Another mechanism named coherent synchrotron emission
(CSE) by dense electron nanobunches can generate coherent XUV pulses in the transmitted
direction [17, 18]. These types of XUV pulses, however, are usually structured as a comb of
harmonics with broad bandwidth in the spectral domain and as a train of attosecond pulse bursts
in the time domain. In order to get ultrashort attosecond pulses, low-harmonic orders have to
be filtered out. To obtain single isolated attosecond pulse, techniques such as polarization gat-
ing [15,19] and few-cycle driving laser pulses [20,21] have been investigated, because isolated
attosecond pulse is highly desired for many special applications, for example, time-resolved
imaging and spectroscopy.
In this paper, we propose a very different route to produce intense attosecond XUV pulses
from overdense plasmas. By using tailored laser pulse targeting onto a 100 nm thick plasma
layer, an isolated few-cycle attosecond XUV pulse can be emitted from the target rear side.
The pulse has attractive characteristics both in the temporal and spectral domain, which is
better suited to a number of applications such as ultrafast dynamics, diagnostic of dense plasma
properties, and nonlinear optics in the XUV region.
2. Scheme and parameters
We performed one-dimensional (1D) particle-in-cell (PIC) simulations with the code VOR-
PAL [22] to identify the XUV pulse generation mechanism. The PIC method is a basic plasma
simulation technique which simulates a plasma system by following the trajectories of a num-
ber of charged particles. The method is based on self-consistently solving Maxwells equations
determining the electric and magnetic fields and the equation of motion for the macroparti-
cles. It should be noted that 1D model is more applicable for larger laser spot size as it does
not taken multidimensional effects into account, such as hole boring and Rayleigh-Taylor-like
instabilities. The schematic of the interaction is shown in Fig. 1(a). A plane femtosencond
laser pulse propagates along the x-direction and normally incidents onto a solid foil target.
The laser pulse is linearly polarized along the z-direction with a sine square amplitude profile
az = eEz/meωLc = aL sin2(pit/τL)sin(ωLt)zˆ, where Ez is the laser electric field, ωL is the laser
angular frequency, τL is the full laser pulse duration, aL is the peak amplitude of the normalized
vector potential az, e is the electron charge, me is the electron mass, and c is the light speed in
vacuum. The laser field strength aL = 5 corresponds to an intensity of I = 3.4× 1019W/cm2
Fig. 1. (a) Schematic diagram of the interaction. (b) The initial temporal profile of a sharply
decreasing unipolarlike laser pulse, referred to as laser pulse A. (c) The temporal evolution
profile of the XUV pulse observed at the rear side of the plasma irradiated by laser pulse A.
The inset shows the temporal profile plotted in terms of E2t . (d) The corresponding Fourier
spectra of the XUV pulse. The inset shows the spectra plotted in terms of wavelength.
through the relation Iλ 2L = a2L× 1.37× 1018Wµm2/cm2 for a laser of wavelength λL = 1µm.
The key element of this scheme is to use laser pulse with a sharp edge [23–26]. Both sharply
increasing and decreasing laser pulses give rise to the same emission. To illustrate the emission
characteristic more clearly, we firstly consider laser pulses with an extremely sharp decreasing
edge, i.e, unipolarlike pulses [27]. Figure 1(b) shows the profile of such a laser pulse with
τL = 3TL (referred to as laser pulse A), where TL is the laser oscillating period.
The foil target is taken to be fully ionized plasma with a uniform density of ne = 100nc, where
nc = ω2Lme/4pie2 is the critical density for the laser. Such an electron density corresponding to
an electron plasma frequency of ωp =
√
4pinee2/me = 10ωL. The foil thickness is chosen to be
d = 150nm, which is comparable to the plasma wavelength λp = 100nm. Therefore radiation
with frequencies above ωp can tunnel through the thin plasma and radiate into vacuum [28],
while the laser pulses and frequencies blew ωp can not penetrate through the foil. Such thin
foils can be made of diamond-like carbon foils. For the ultrathin target foils, high-contrast laser
pulses are required to ensure the target not destroyed or deformed at the arrival of the main
pulse. Such clean pulses are presently available in experiments [29]. The ions are set immobile
because of the short time of interaction. To resolve the attosecond pulse properly, the cell size
is λ/1000 and each cell is filled with 100 macroparticles.
3. Results and discussions
Figure 1(c) shows the temporal profile of the XUV pulse observed from the rear side of the
foil target. The XUV emission is polarized in the z-direction, the same as the laser pulse. The
XUV pulse lasts only several periods and decays with time. The peak strength of the electric
field Et is found to be about 2.5 GV/cm, which is about two orders of magnitude smaller than
the laser electric field strength of 150 GV/cm. The XUV pulse has a very sharp rising edge,
which is demanding for experiments. The inset of Fig. 1(c) shows the temporal profile of E2t .
Fig. 2. (a) The initial temporal profile of a sine squared laser pulse, referred to as laser pulse
B. (b) The temporal profiles of the XUV pulses driven by laser pulse A (red) and laser pulse
B (green), respectively. (c)-(d) The spatial-temporal distribution of the transverse currents
Jz excited by laser pulse A (c) and laser pulse B (d), respectively. The foil target is initially
located in the region between x = 10.00λL and x = 10.15λL . (e)-(f) Jz plotted versus time
along central line x = 10.05λL corresponding to (c) and (d), respectively.
The XUV pulse duration (full width at half maximum, FWHM) is about 300 as when plotted as
intensity. In addition, the XUV pulse is an isolated attosecond pulse, compared to a train of at-
tosecond pulses formed in other XUV sources. This feature is important for many experimental
applications.
The Fourier spectra of the XUV pulse is shown in Fig. 1(d). The central frequency of the
XUV spectra is about ω = 10ωL, which is just the initial plasma frequency ωp. The spectra
also contains high frequencies up to several tens of ωp. This might be caused by the increase of
local plasma frequency ωp(x), due to compression of the electron surface layer by the laser light
pressure, as will be shown later. Frequencies lower than ωp vanish sharply in the spectra. As a
result, we are able to produce a single attosecond pulse having clean frequency spectra in the
XUV range without spectra filtering. This striking spectral feature can be distinguished from
other different HHG generation mechanisms, i.e., CWE, ROM and CSE process. In the cases
of CWE and ROM process, the emitted spectrum carries a portion of energy within the lower
order harmonics up to the plasma frequency ωp. The XUV spectra plotted versus wavelength is
shown in the inset of Fig. 1(d). As can be seen, XUV pulse with wavelength in the 20-100 nm
range has been obtained. The spectral bandwidth (FWHM) is about 30 nm. While processes
of ROM and CSE both generate radiation with broadband spectrum extending to frequencies
Fig. 3. (a) Peak XUV field strength as a function of laser amplitude from PIC simulations.
(b) The temporal profile of XUV pulse using laser pulse with amplitude of aL = 10. The
other parameters are the same as in Fig. 1.
much higher than ωp.
For the case of a laser pulse with symmetric sine square pulse shape, we plot the laser ampli-
tude profile with τL = 6TL (referred to as laser pulse B) in Fig. 2(a). The corresponding temporal
profile of XUV emission for laser pulse B is shown in Fig. 2(b). The XUV profile for laser pulse
A is shown for comparison. Compared with the laser pulse with a sharp edge, the symmetric
sine square laser pulse can only produce very weak XUV emission from the rear side of the
foil. It is worth noting that we have also done simulations with laser pulses with a sharply ris-
ing edge. The generated XUV pulse is similar to that of the sharply decreasing laser pulses.
This characteristic of emission also presents a route to identify unipolar half-cycle pulse [30].
To illustrate the underlying radiation mechanism, we display the temporal and spacial dis-
tribution of the transverse currents Jz for the two laser shapes in Figs. 2(c) and 2(d). The foil
target is initially located in the region between x= 10.00λL and x= 10.15λL. As can be seen, the
electron layer on the target front surface has been compressed and pushed inward by the laser
light pressure during the interaction process. For laser pulse A with a sharp edge, a strong trans-
verse transient net current is formed after the laser pulse. The net current has a high-frequency
wakefield oscillating profile modulated at the plasma frequency and decays with time (see Fig.
2(c)). While for symmetric laser pulse B, only weak transverse net current is formed after the
laser pulse (see Fig. 2(d)). To see this more clearly, we have plotted Jz versus time along central
line x = 10.05λL corresponding to Figs. 2(c) and 2(d), respectively (see Figs. 2(e) and 2(f)).
The transverse transient net current is the radiation source responsible for the z-polarized XUV
emission at the plasma frequency.
To get a physical understanding of the origin of the transverse net current, we can employ a
simple picture to show how the current can be excited by such laser pulses. The electrons do
quiver motion under the action of the laser field analogy to forced oscillators. The transverse
momentum can be obtained by integrating the z component of the relativistic Lorentz equation
to be [27, 31]
pz = A = e/(m0c2)
∫
∞
−∞
Ez(ξ )dξ , (1)
where A is the vector potential and ξ = x− ct. For laser pulses with a sharp edge such that
high intensities are reached or decreased within less than two cycles, A does not vanish [27,32].
That means, for unipolarlike or subcyclic pulse, the Lawson-Woodward theorem does not apply
[27]. And hence net energy gain happens and electron acceleration takes place. Therefore, the
electrons will receive a kick in the transverse polarization direction after the laser pulse is over.
Thereafter the electrons will keep on free oscillation with its natural frequency ωp. As a result,
Fig. 4. (a) The temporal profiles and (b) the corresponding Fourier spectrum of the XUV
pulses generated from three plasma slabs with different initial plasma densities: ne = 100nc
(black), ne = 225nc (red), and ne = 400nc (blue). At the same time, the laser intensities are
chosen to keep the dimensionless similarity parameter S = ne/aLnc unchanged.
a transverse net current is formed which emits electromagnetic pulse. Because the plasma width
is limited which is comparable to the XUV wavelength, coherent radiation also at the plasma
frequency will be emitted through the thin plasma. Lower-harmonic orders generated at the
target front surface can not penetrate through the overcritical plasma. The few-cycle shape of
the emitted pulse is mainly due to radiation damping effect.
The XUV field is proportional to the derivation of current density as EXUV ∝ ∂Jz/∂ t. When
the laser intensity is not too high to change the plasma density significantly, we can ap-
proximately have ∂Jz/∂ t ∝ ∂ pz/∂ t. Thus we can obtain the maximum XUV field scaling as
EXUV ∝ aL. We have done a serial of simulations to study the XUV field strength as a function
of the laser amplitude, as shown in Fig. 3(a). The other parameters are the same as in Fig. 1. As
is seen, when the laser intensity is relatively small, the XUV peak field amplitude does increase
linearly with increasing the laser amplitude. While for greater laser amplitude, the slope shows
a nonlinear trend. At the same time, however, the ultrashort characteristic of the XUV pulse be-
comes worse in quality (see Fig. 3(b)). This is due to plasma oscillation becoming violent and
irregular, which is not suitable to produce the shaped attosecond pulse. In the linear region, the
energy conversion efficiency of laser to XUV pulse can be obtained to be more than 1× 10−5.
Since the XUV pulse emits mainly at the plasma frequency which is dependent on the plasma
density, it provides a way to tune the XUV frequency spectra by changing the plasma density.
Figures 4(a) and 4(b) display the temporal profiles and the corresponding Fourier spectrum of
the XUV pulses for three different plasma densities ne = 100nc,225nc, and 400nc. The corre-
sponding plasma frequency is respectively ωp = 10ωL,15ωL, and 20ωL. The laser amplitude
is chosen to be aL = 5,11.25, and 20, respectively. According to the similarity theory in the
ultrarelativistic regime (a2L ≫ 1), we keep the dimensionless similarity parameter S = ne/aLnc
the same so that the laser plasma dynamics remains similar [33]. From Fig. 4(a) we can see
that the field strength and pulse duration of the three XUV pules are similar. For the Fourier
spectrum shown in Fig. 4(b), it is easy to find that the lower cut off frequencies are just at the
plasma frequencies for different densities as expected. This feature of radiation also offers a
new window on diagnosing the density of dense plasmas.
It should be pointed out that the present mechanism should work well for laser pulses with
longer durations, as long as a sharp edge is kept such that high intensities are reached or de-
creased within less than two cycles. As a reference case to demonstrate this, we keep the laser
pulse shape and peak amplitude the same as laser pulse A, while increasing the laser pulse du-
ration to τL = 6TL. This unipolarlike laser pulse is referred to as laser pulse C (see Fig. 5(a)).
Fig. 5. (a) The initial temporal profile of a sharply decreasing unipolarlike laser pulse with
full duration of τL = 6TL, referred to as laser pulse C. (b) The temporal profiles and (c)
the corresponding Fourier spectrum of the XUV pulses generated by laser pulse A (red)
and laser pulse C (blue). (d) The initial temporal profile of a quasi-single-cycle laser pulse
based on Ref. [25], referred to as laser pulse D. (e) The temporal profiles and (f) the Fourier
spectra of the XUV pulse generated by laser pulse D.
As is seen in Figs. 5(b) and 5(c), both the temporal profile and the Fourier spectra of the XUV
pulse are not affected by only changing the laser pulse duration.
Besides the unipolarlike laser pulses, ultrashort laser pulse with less than two cycles can also
be used. Here we consider a quasi-single-cycle relativistic laser pulse with profile similar to
that generated by the method proposed by Ji et al. in Ref. [25] (see Fig. 5(d)). We increase
the laser peak amplitude to aL = 20 and the foil thickness to 200 nm. The plasma density
is ne = 100nc. As shown in Fig. 5(e) and 5(f), few-cycle XUV pulse emission with similar
temporal and spectral signatures can still be found. The peak electric field of the XUV pulse is
up to 8 TVm−1, which is about one order of magnitude smaller than the laser electric field of
60 TVm−1.
4. Conclusion
In conclusion, we have identified a new mechanism to generate intense single attosecond XUV
pulse. The mechanism is associated with collective electron oscillation in plasmas. Making use
of unipolarlike or subcycle laser pulses, a strong transverse transient net current can be excited
in the plasma after the laser pulses, which is responsible for the XUV pulse emission. The emit-
ted XUV pulse has both good temporal and spectral characteristics. Firstly, it is ultrashort in the
time domain. The radiation is an isolated few-cycle attosecond XUV pulse with duration of sev-
eral hundred attoseconds. Secondly, it has a narrow bandwidth in the spectral domain compared
to other broadband XUV pulses. It has most energy confined around the plasma frequency and
no low-harmonic orders below the plasma frequency. Thirdly, it has a high intensity. XUV pulse
with peak electric field strength up to 8× 1012 Vm−1 has been generated. Moreover, it has a
steep rise front. Such an intense attosecond few-cycle XUV pulse, without the need for pulse
selecting and spectral filtering, is potentially useful for probing ultrafast attosecond dynamics
and dense plasma properties, and also for applications of nonlinear optics in the XUV region.
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